Coalescence of two planar air bubbles in stagnant water filled in two parallel plates was experimentally investigated. To examine the effects of bubble wake on coalescence, the bubble diameter, initial vertical and horizontal distances between two bubbles were chosen as experimental parameters. The vertical distance x from the bubble release point, at which coalescence took place, was measured. The number of coalesced bubble pairs was counted for about 100 bubble pairs, and the coalescence probability was calculated as the ratio of the number of the coalesced bubble pairs to that of the total bubble pairs. With decreasing the bubble diameter or with increasing the initial distance between two bubbles, the mean vertical distance x increased and the coalescence probability decreased. There was a strong correlation between the distribution of coalescence probability and that of bubble wake velocity, i.e. the wake structure does play a significant role in the bubble coalescence process and affects the coalescence probability.
Introduction
Sufficient knowledge on bubble coalescence is required for accurate predictions of bubbly flows such as a developing bubbly flow in a vertical pipe and a heterogeneous bubbly flow in a bubble column. Among several numerical methods for bubbly flow simulation, a bubble tracking method (1) - (3) , a combination of a two-fluid model and an interfacial area concentration (IAC) transport equation (4) - (6) and a multi-field model (7) might be promising for the prediction of developing and/or heterogeneous bubble flows. However, we definitely need a reliable model of bubble coalescence probability to improve the applicability of these methods to various flow conditions. Due to these growing demands for a coalescence model, several models (8) - (11) have been proposed to evaluate the coalescence probability. Although many of them (8) , (9) are based on random collisions between bubbles, Colella et al. (10) and Wang et al. (11) took into account anisotropic bubble collisions caused by bubble wakes, i.e. the wake entrainment effect. These studies demonstrated the importance of wake effects on the coalescence probability. Though many experimental studies on bubble coalescence (12) - (14) have been carried out, they are rather fundamental and concentrated on film thinning and rapture processes of spherical bubble pairs. There are few experimental studies which have focused on wake effects on coalescence probability of distorted bubble pairs.
In the present study, we therefore paid attention to coalescence between two distorted bubbles and examined the effects of bubble wake on coalescence probability. Since it was difficult to obtain quantitative information for three-dimensional bubbles, coalescence of two planar air bubbles in stagnant water filled in two parallel plates was measured. The bubble diameter, initial vertical and horizontal distances between two consecutive bubbles were chosen
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Vol.1, No. 2, 2006 as experimental parameters. A relation between a velocity distribution in a bubble wake and a distribution of coalescence probability was also discussed.
Experimental Setup
A schematic of the experimental apparatus is shown in Fig. 1 . The height, width and gap size of the test section were 1200, 300 and 2 mm, respectively. The two parallel plates of the test section were made of glass to visualize bubble motion and bubble wake structure. Air and tap water under atmospheric pressure and room temperature were used for the gas and liquid phases, respectively. Air was supplied by the oil-free compressor and fed to the nozzles through the regulator and the solenoidal valves. Planar air bubbles were released from the nozzles locating at the bottom of the test section at times t 1 and t 2 = t 1 + ∆t. Vertical positions x at which coalescence occurred were measured from the recorded images at least for 100 bubble pairs as shown in Fig. 2 . Then, a local coalescence probability p(x i ) and a cumulative probability P(x i ) of coalescence for the region between x= 0 and x i were calculated by
where n(x i ± ∆x/2) is the number of bubble pairs coalesced in the region x i − ∆x/2 < x i ≤ x i + ∆x/2, N the total number of bubble pairs and ∆x (= 20 mm) the bin width. The subscripts i and k denote the ordinal number of bin. Since P(x i ) became more or less constant as for large x i , the asymptotic value of the coalescence probability P C was defined as P(x i ) at the end of measurement region (x i = 1 m). Note that there were bubble pairs which did not coalesce within the measurement region, and therefore P C was less than unity. 
Results and discussions

Terminal velocity and wake structure of single planar bubble
Terminal velocity and wake structure may play an important role in indirect interaction between bubbles and coalescence. Terminal velocities V T of single planar bubbles were evaluated using the image processing method and plotted against d B in Fig. 3 together with V T calculated using the following correlations for three-dimensional single bubbles (15) ,
and for two-dimensional single bubble (16) 
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where C D is the drag coefficient, g the gravitational acceleration, Re the bubble Reynolds number, Eo the Eötvös number, which are defined by
where ρ L is the liquid density, ρ G the gas density, µ L the liquid viscosity and σ the surface tension. The terminal velocity monotonously increases with d B and agrees well with Eq. (4) for d B > 4 mm. When d B is less than 4 mm, the measured V T takes higher values than Eq. (4). This is because d B becomes comparable to the size of the gap between the two parallel walls (2 mm), and therefore, those small bubbles cannot be regarded as two-dimensional planer bubbles. Hence, bubbles larger than 5 mm were used to evaluate the coalescence probability. For visualization of bubble wake, black pigment was mixed in the bottom region of the test section. The height of the blackened region was about 50 mm. A bubble was released from the center of the blackened region, and it accompanied some blackened water in its wake. Then, the accompanied blackened water worked as marker particles to visualize bubble wake structure. The images visualized by the black pigment are shown in Fig. 4 . Trajectories r B are also plotted with red curves in Fig. 4 . A particle image velocimetry system was used to obtain the velocity distribution in bubble wake. The measured velocities are shown in Fig. 5 . These figures clearly show open wake structures. The horizontal width of wake is about three times larger than the maximum horizontal dimension d H of a bubble. When a bubble is small (Fig. 4 (a) and (b) ), it exhibits zig-zag motion and its amplitude is almost equal to d H . On the other hand, a large bubble rises rectilinearly with rocking as shown in Fig. 4 (c) . However its wake field is sinuous due to the periodic rocking motion and vortex shedding.
Coalescence between inline planar bubble pair
Interaction between bubbles can be classified into three types shown in Fig. 6 . One is "coalescence", that is, a trailing bubble approaches to a leading bubble and coalesces with the leading bubble as shown in Fig. 6 (a) . The second is "scattering with collision", in which the trailing bubble colliding with the leading bubble does not coalesce into a single bubble but experiences a scattering after the collision as shown in Fig. 6 (b) . Figure 6 (c) shows the third
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Vol.1, No. 2, 2006 type: "scattering without collision", in which the trailing bubble goes apart from the leading bubble without collision due to the vortical wake structure of the leading bubble. Figure 7 shows an example of measured distance l between interfaces of two bubbles coalesced at t = 0 s. The equivalent diameters of leading and trailing bubbles were 6.1 and 5.4 mm, respectively. The distance l exponentially decreases for t < −0.01 s, whereas it is almost constant for t > −0.01 s. The gradient of the curve changes at t ∼ −0.07 s. Therefore, the coalescence shown in Fig. 7 could be classified into three processes: (1) wake entrainment, (2) film thinning and (3) film rupture. The scattering with collision is caused by the repulsion
Vol. 1, No.2, 2006 during the film thinning or rupture process, and the scattering without collision occurs due to indirect interaction between a trailing bubble and vortices shedded from a leading bubble in the wake entrainment process. Since it is difficult to precisely judge the boundary between the wake entrainment and the film thinning processes, we defined the coalescence probability P C as the ratio of the number of coalesced bubble pairs to the total number of bubble pairs. The coalescence probability P C can, therefore, be evaluated as the product of an approaching probability P w due to wake entrainment and a coalescence probability P f in film thinning and rupture processes. The coalescence probability P f in the film thinning and rupture processes may depend on the purity of interface and the diameters of two bubbles, but does not depend on the initial bubble distances, ∆x I and ∆y I . For fixed system purity and bubble diameters, the change in P C is, therefore, caused by the change in P w .
The coalescence position x for inline planar bubble pairs was measured for three bubble diameters shown in Table 1 and for three different time delays. The local coalescence probability p(x i ) and the cumulative coalescence probability P(x i ) are shown in Fig. 8 . The initial vertical distance ∆x I was evaluated as the product of ∆t and V T calculated using Eq. (4). The measured p(x i ) is not so apart from the normal distribution function drawn by a broken curve, which is calculated by using the mean x and standard deviation σ x of measured x. The mean position of bubble coalescence x increases with ∆t or decreasing d B . Figure 9 shows the relation between the dimensionless mean coalescence position x/d B and the dimensionless initial distance ∆x I /d B . The bubble wake length might be one of the candidates of the characteristic length to normalize x and P C . However, we used d B for the normalization, because (1) P C and x depend not only on the wake size but also on the velocity in the wake, and (2) it was difficult to determine the wake length due to the complexity in the wake region. The coalescence position x/d B increases with ∆x I /d B , whereas it decreases with increasing d B . The latter reflects the fact that the strength of updraft caused by the leading bubble increases with d B . Figure 10 shows the relation between ∆x I /d B and the dimensionless standard deviation σ x of x. The dimensionless deviation clearly increases with ∆x I /d B , whereas it decreases with increasing d B . As shown in Figs. 4 and 5, the wake of leading bubble takes open wake structure and the vertical length of the sinuous velocity field is longer than ∆x I . The increase of ∆x I augments the variation of the trailing bubble path due to the longer interaction between the trailing bubble and the sinuous velocity field, and therefore, the deviation of coalescence position σ x increases with ∆x I . With increasing d B , the influence of buoyancy force on the bubble motion becomes stronger and the influence of sinuous wake on σ x becomes weaker.
As shown in Fig. 8 , P(x i ) does not change so much for x > 0.8 m. Hence the coalescence probability P(x i = 1 m) can be regarded as P C = P(x i = ∞). The measured P C is plotted against ∆x I /d B in Fig. 11 . The coalescence probability P C decreases with increasing ∆x I . Since the initial bubble position of the trailing bubble was in the far wake region of the leading bubble, the increase of ∆x I implies the increase of the number of collisions between the trailing bubble and the vortices in the far wake. For the inline bubble pairs, the collision between the trailing bubble and the vortex enhances the departure of the trailing bubble from the far wake region of the leading bubble, and therefore, the increase of ∆x I resulted in the decrease of P C . As d B increases, the strength of updraft induced by the leading bubble increases, and thereby, P C increases.
Effects of initial distances between bubbles on coalescence probability
Coalescence probabilities were measured under various ∆x I and ∆y I conditions for 5.3 mm bubbles. The results are shown in Fig. 12 . The color contour in the right-half of the figure means that if the initial position of the center of the trailing bubble is in the yellow region, the coalescence probability is about 35%. The left-half is the time-averaged wake velocity field measured by using PIV. This figure clearly shows that there is a strong correlation between the wake velocity and coalescence probability, and the probability becomes more than 50% when the trailing bubble enters into the updraft region of the bubble wake. Hence, the wake structure, especially, the updraft behind the leading bubble, plays a significant role in the bubble coalescence process and coalescence probability. The width of the high coalescence probability region is wider than that of bubble wake. This implies that the updraft promotes the approach of the trailing bubble even when a part of the trailing bubble enters into the wake region. The length of the region in which P C > 60% is about ten times longer than d B , i.e., the region of influence of the leading bubble is very long as Serizawa et al. speculated (17) .
As mentioned in section 3.2, the coalescence probability may be the product of the approaching probability P w due to the wake entrainment and the coalescence probability P f in the film thinning and the rupture processes. Since P w directly depends on the wake velocity, the good correlation between the wake velocity field and P C in Fig. 12 implies that P f is constant under the condition of fixed bubble sizes. These results should be taken into account in bubble coalescence models for multi-fluid simulations.
